We have earlier reported that both GdnHCl induced and heat induced unfolding of SBP, monitored by far UV-CD, shows single step transition. However, while GdnHCl induced unfolding follows two-state pathway, the heat induced denaturation proceeds through intermediates as indicated by the very low cooperativity of transition. In the former case, analysis of the data based on two-state model gives true thermodynamic parameters, while underestimated values are obtained in the latter case. Available complex equations also cannot be applied for the analysis of the thermal unfolding of SBP due to the absence of separate transitions for the intermediates. In the present study we report a method to obtain true thermodynamic parameters from thermal transition curves of SBP, using two-state model. When SBP is subjected to thermal unfolding at high GdnHCl concentrations (5.8 -6.9 M), co-operative behaviour is observed which allowed the analysis by two-state model to determine their thermodynamic parameters. We then obtained the thermodynamic parameters in the absence of GdnHCl, by extrapolating the graph of linear dependence of ∆H m on T m to the T m corresponding to 0 M GdnHCl. Another key point for checking the validity of our method was the fact that the unfolded state of SBP generated by either heat or GdnHCl are the same by which we could crosscheck our results with that obtained from GdnHCl unfolding. Having obtained the true thermodynamic parameters, we report a detailed thermodynamic study of SBP. Further, we address the effect of heme in the thermal unfolding mechanism of SBP.
Summary
We have earlier reported that both GdnHCl induced and heat induced unfolding of SBP, monitored by far UV-CD, shows single step transition. However, while GdnHCl induced unfolding follows two-state pathway, the heat induced denaturation proceeds through intermediates as indicated by the very low cooperativity of transition. In the former case, analysis of the data based on two-state model gives true thermodynamic parameters, while underestimated values are obtained in the latter case. Available complex equations also cannot be applied for the analysis of the thermal unfolding of SBP due to the absence of separate transitions for the intermediates. In the present study we report a method to obtain true thermodynamic parameters from thermal transition curves of SBP, using two-state model. When SBP is subjected to thermal unfolding at high GdnHCl concentrations (5.8 -6.9 M), co-operative behaviour is observed which allowed the analysis by two-state model to determine their thermodynamic parameters. We then obtained the thermodynamic parameters in the absence of GdnHCl, by extrapolating the graph of linear dependence of ∆H m on T m to the T m corresponding to 0 M GdnHCl. Another key point for checking the validity of our method was the fact that the unfolded state of SBP generated by either heat or GdnHCl are the same by which we could crosscheck our results with that obtained from GdnHCl unfolding. Having obtained the true thermodynamic parameters, we report a detailed thermodynamic study of SBP. Further, we address the effect of heme in the thermal unfolding mechanism of SBP.
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INTRODUCTION
Protein folding/unfolding is one of the most intensely studied aspects of modern biophysics and biochemistry. The denaturant induced unfolding transitions are measured either spectroscopically or calorimetrically. Far-UV CD conforms to the secondary structure of a protein and therefore is used as a tool to monitor protein folding/unfolding. The most common denaturing agents used for the unfolding of proteins are heat, chemical denaturants such as urea and guanidine hydrochloride, and extremes of pH. The simplicity of unfolding transition and its reversibility allow a detailed description of its thermodynamics [1] . The two state-model (1-3), which assumes that only the native (N) and unfolded (U) states are present at equilibrium (N ⇌ U) seems to be adequate to describe the unfolding curves to determine the thermodynamic parameters accompanying unfolding of a number of proteins (4, 5) . However, in most cases where the transition is multi-step (stable intermediate states), a complete analysis of the system is possible utilizing more complex equations (2, 3) . If two-state model is still used in such cases, under estimated values for the thermodynamic parameters are obtained (2, 3) . In certain other cases, though the unfolding curve shows a single step, the transition involves intermediates (2, 6, 7) , which makes the analysis difficult, almost impossible, due to the inability to estimate their fractional contribution to the observed spectroscopic property and hence their concentrations. If, however the number, accumulation and the stability interval of the intermediates are too small making their presence insignificant, the analysis with two-state model may provide thermodynamic parameters that can be very close to their true values (6, 7) .
Soybean seed coat peroxidase (SBP) is an excellent model for studying the energetics and mechanism of protein folding. It contains 326 amino acids with a mean molecular mass of ~37 kDa (8, 9) and belongs to the class III of the plant peroxidase super family. The structure is 5 stabilized by heme prosthetic group, four disulfide bonds, and two calcium ions apart from the stabilization by inter-residue interactions (6, 10 for SBP (6) . We observed in our previous study that while the unfolding of SBP induced by GdnHCl occurs via a simple two-state pathway, that by heat proceeds through partly folded intermediates whose accumulation is too small to form separate transitions (6) . In other words, thermal unfolding of SBP is a single step transition that involves multiple intermediates. In the study presented here, we report the fate of the thermal unfolding of SBP when analysed by two-state model. The results suggest that the thermodynamic parameters are under estimated. We then describe how we have obtained the true parameters for thermal unfolding of SBP measured spectroscopically utilising the two-state model. Further we detail about the thermodynamics and dependence of structural features with temperature of SBP that help us gain insight in to the thermal unfolding mechanism and correlation between stability, activity and conformational flexibility.
MATERIALS AND METHODS
SBP (R Z = A 403 /A 280 ≈ 0.5, salt free lyophilized powder) and guanidine hydrochloride (GdnHCl) were purchased from Sigma Co. SBP was purified by DEAE-Sepharose chromatography to R Z = 3.0 (6). Apo-SBP was prepared by the acid-butanone procedure (11) .
Concentration of the enzyme samples were determined spectrophotometrically using ε 403 = 94. for apo-SBP (6) . The GdnHCl concentration in the stock solution was determined using refractometer according to the reported method (2) . Deionised water (PURITE RO 50) was used to prepare buffers.
Thermal Unfolding
Far-UV CD at 222 nm was used to monitor thermal unfolding of SBP and apo-SBP on a Jasco J-600 spectopolarimeter using a rectangular cuvette of 1mm path length placed on a thermostated cell holder attached with a thermometer. The temperature was raised from 25 to 
where C is the molar concentration and l is the path length in centimetres (12) . At the end of each thermal unfolding experiment, the sample was cooled immediately to room temperature and spectra were recorded to know the extent of refolding.
Data Analysis
In thermal unfolding experiments, thermodynamic properties of SBP were calculated assuming a two state denaturation process, N ⇌ U (1, 2). Fraction of the unfolded protein f u , at different, temperatures (T) were calculated using (13)
Where, Y 0 is the value of the spectroscopic property of SBP at a given temperature, T. Y N and Y U represent the intercepts, and m N and m U are the slopes of the native and unfolded baselines, respectively. The apparent equilibrium constant of unfolding (K T,app ) and the corresponding free energy change (∆G 0 T ) at temperature, T can be calculated using
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Where R is the gas constant and T is the absolute temperature. The change in enthalpy (
The temperature dependencies of
between the native (N) and unfolded (U) state of the system is relatively independent of the temperature in the range of the measurements (3, 14) are,
where ∆H m and ∆S m are the enthalpy and entropy changes respectively at the midpoint of transition, i. e., when
The van't Hoff plot of ln(K T,app ) against 1/T was linearly fitted to
RESULTS AND DISCUSSION
Some proteins when unfolded by both GdnHCl and heat show zero or negligible far UV-CD signal (15) . Certain other proteins however show characteristic residual CD intensity when unfolded by heat (13, 16) . It has been shown that SBP falls under the second category and that the unfolded state generated by either GdnHCl or heat is the same, though the two unfolding pathways are entirely different (6) . In such circumstances, thermodynamic parameters that are state functions representing the two unfolding reactions must be the same. show the difference in the specific pathways of the two transitions. While GdnHCl unfolding of SBP fully reversible (6), thermal unfolding is associated with irreversibility to some extent that obeys Lumry and Eyring model, N⇌U→F (6, 17) . However the thermal unfolding shows substantial reversibility, ~65% for holo SBP and ~80% for apo-SBP (6) A better co-operative unfolding at higher GdnHCl concentration has been reported for the protein trypsin by Otlewski et.al (21) . In such a situation, the van't Hoff analysis must correctly estimate the thermodynamic parameters accompanying unfolding. Table 1 lists the values of the thermodynamic parameters, thus calculated by the two-state model for the thermal unfolding of SBP at various GdnHCl concentrations. From Table 1 (Table 2 ). This is in good agreement with the value obtained from GdnHCl unfolding with the consideration that the ∆H m value is read out at a very long-range extrapolation. This method can also be applied to other proteins whose thermal unfolding is poor cooperative/show intermediates, provided that under the influence of other external agents such as urea, GdnHCl, pH etc. the unfolding becomes cooperative. The ratio of actual enthalpy accompanying unfolding (779 kJ mol (Table 2) The stability curve (25) of SBP constructed, from the actual thermodynamic parameters (those obtained from Figure 4 ), using equation 7 is shown in Figure 5 . It is evident from Figure 5 that SBP shows two transition temperatures, one at higher temperature (86 o C) that has been determined experimentally and another at below the freezing point of water (-5.6 o C). This indicates that SBP does not undergo cold denaturation at the usual working room temperatures.
However, one has to be careful while temperature is lowered. The predicted lower T m can be moved above the freezing point of water by the appropriate choice of solvent conditions and can be made amenable to study (24) . The temperature of maximum conformational stability (T s ) can be obtained from equation 10 (15, 25) [
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